Abstract
and failure mechanisms, such as delamination and splitting. Fibrous ballistic materials made of UHMWPE fibres in the form of multi-ply stitched packets create so-called soft ballistic armours (e.g., body armours, anti-fragmentation covers), and in the form of pressed polymer matrix composites, they create rigid ballistic armours (e.g., protective helmets, shields, armours). The manufacturing of hard protective inserts is based on the process of thermal and pressure combinations of fibrous UHMWPE sheets. The pressing process of the polyethylene product includes several stages [12, 24] .
Cut ply precursors are piled up, with the number of sheets depending on the protection level desired. Then they are placed into a hot hydraulic press which transforms them into a hard plate, and the glue from the original film manufacturing helps to bond the layers together in the heat of the process [24] . The plies are pressed together at a temperature of 127 °C and consolidation pressure of 20.6 MPa for 20 min to produce a laminate [12] . Epoxy or polyurethane is usually used as a matrix (glue) in the UHM-WPE-fibre reinforced plate [12, 24 -26] .
Although UHMWPE composite manufacturing technology is well known, there are a limited number of scientific publications on the influence of the pressing properature not exceeding 100 °C for a long period [4] .
UHMWPE fibres are used both in typical woven structures and in fibrous materials, developed specially for ballistic purposes [5 -11] . UHMWPE fibres are typically combined with low molecular weight thermoplastic polymers to form unidirectional several-ply-thick fibres. These plies are then stacked in a [0/90] 2 sequence to create 4-ply thick tapes that can be warm-consolidated (just below the melting point of crystalline polymer fibre) to form laminated materials with fibre volume fractions by approximately 85%.
UHMWPE-fibre reinforced polymer matrix composites exhibit remarkable resistance to penetration during localised impact loading by blunt projectiles [12 -19] . The performance is dependent on the composite architecture as well as on the fibre and (to lesser extent) matrix properties. However, there is growing experimental evidence that the matrix shear strength (governing the inter-laminar shear strength) has a significant influence on the ballistic performance of UHMWPE composites [12, 17, 20 -22] . Furthermore Greenhalgh et al. [23] reported a detailed fractographic study and argued qualitatively that the matrix shear strength influences the energy absorption DOI: 10.5604/12303666.1201140 n Introduction
One of the materials most widely applied in the manufacturing of ballistic personal armours is ultra-high molecular weight polyethylene (UHMWPE) in a fibrous form. The application of UHMWPE fibres in the manufacturing of ballistic personal protection is due to their properties, e.g., high mechanical strength, abrasion resistance, a low friction coefficient, resistance to water, aggressive chemicals and UV radiation [1] [2] [3] [4] [5] . Due to the very high velocity of sound propagation of UHMWPE fibres, they may absorb large amounts of energy, which, in accordance with the above-mentioned properties, determines their suitability for ballistic applications. The behaviour of UHM-WPE fibres is directly dependent on their chemical composition and crystalline structure [2, 3] . The high degree of UH-MWPE crystallinity (up to 85%) results from the oriented polymer structure (over 95%), which is formed by macromolecular chains in parallel arrangement [2] . The weak van der Waals bonds between polyolefin chains affect the low temperature resistance. Under the influence of local temperature, crystalline areas transform into amorphous ones. The UH-MWPE melting point is 144 -152 °C, which allows the use of fibres at a tem-cess temperature on the thermal, structural, mechanical and ballistic properties of polyethylene products. There are also no reports on changes in the properties of the polyethylene composite depending on the pressing temperature.
The studies prepared indicated that the appropriate processing parameters of the UHMWPE-fibre reinforced polymer matrix composite design may be attributed to the possibility that their performance is a function of the structural properties designed.
The research also attempts to explain the processes occurring in composites pressed at various temperatures. The thesis of this study is that there is a range of optimal pressing temperatures for the properties of the UHMWPE-fibre reinforced polymer matrix composites produced intended for the manufacturing of ballistic personal armours.
n Research subject Dyneema ® HB26 (DSM High Performance Fibres BV, The Netherlands) made of UHMWPE fibres was used for the manufacturing of UHMWPE-fibre reinforced polymer matrix composites. The main properties of Dyneema ® HB26 are presented in Table 1 .
n Methods
Pressing
The UHMWPE-fibre reinforced polymer matrix composites (i.e., the multi-ply polyethylene plates) were manufactured by pressing 45 plies of Dyneema ® HB26 using a PHM 250E press (Ponar Żywiec, Poland). The pressing process includes three stages (see Figure 1) .
Various pressing temperatures were chosen, as shown in Table 2 . The pressing temperature of the UHMWPE-fibre reinforced polymer matrix composites was determined using the press sensor (T press ) and sensors, i.e., 3 thermocouples, which were located between the Dyneema ® HB26 sheets during the pressing process (T packet ). The measurement uncertainty of the temperature was determined in both cases at a level of ± 1 °C.
As a result of the pressing process of the polyethylene sheets within a temperature range (T press ) from 115˚C to 160˚C, profiles of 3D UHMWPE-fibre reinforced polymer matrix composites with dimensions of 25×30 cm and surface mass of 12.0 ± 0.1 kg/m 2 were obtained. However, as a result of the increasing temperature of the pressing process up to T press = 175 °C, the polyethylene composite was permanently deformed. Examples of the UHMWPE composites pressed at temperatures from T press = 115 °C to T press = 175 °C are presented in Time, s Pressing temperature, °C Clamping force, kN through the object tested. As in the case of the ballistic tests on the testing base, the depth of deformation of the base (H dp ) was measured exactly to 0.1 mm after every shot. 
Analytical methods

Evaluation of
H dp , mm H dp , mm H dp , mm H dp , mm speed of V m = 550 m/s was selected for the 7.62 mm TT FMJS projectile, being of a medium a range of 400 -700 m/s, at which gunfire was carried out.
Hardness tests were performed according to PN-EN ISO 2039-2 [34] , by determination of the hardness of plastics when pressing using a Rockwell hardness tester (KBPruftechnik, Germany) and Rockwell M hardness scale (main load of 980.7 N, ball diameter of 6.35 mm).
FTIR
FTIR tests of the Dyneema ® HB26 and the UHMWPE-fibre reinforced polymer matrix composites were conducted by means of an FTIR spectrophotometer -NICOLET iS10 (Thermo Scientific, USA) by the method of multiple attenuated total reflectance (ATR) within a wavelength range from 400 to 4000 cm -1 .
Thermal analysis (DSC)
Thermal analysis of the Dyneema ® HB26 and the UHMWPE-fibre reinforced polymer matrix composites was conducted using inert gas (nitrogen) and a differential scanning calorimeter -DSC1 from Mettler Toledo (USA), calibrated based on reference standards: ind and n-octane.
The following measurement program was used: n heating from -80 °C to 200 °C (heating speed 10 °C/min); n cooling from 200 °C to -80 °C (heating speed 10 °C/min); n second heating from -80 °C to 200 °C (heating speed 10 °C/min).
On the basis of the DSC thermograms achieved, the temperature range and heating effect (enthalpy) of the crystallisation and melting processes of the crystalline phase were determined. The crystallisation degree of the UHMWPE-fibre reinforced polymer matrix composites was calculated according to the following formula:
where, X c -degree of crystallinity; DH m -enthalpy connected with the melting process of the crystalline phase; DH m 0 -enthalpy connected with the melting process of the crystalline phase PE, completely crystalline (DH m 0 = 293 J/g) [35] .
SEM analysis
SEM analysis was performed under low vacuum conditions (40 Pa) by means of a Quanta 650F microscope (FEI, USA), in the backscattered electron (BSE) mode. The surface image was recorded at a magnification of 2263×.
Analysis of results
Evaluation of the ballistic resistance and hardness of the polyethylene composites
The results received of sample tests of the UHMWPE-fibre reinforced polymer matrix composites shot with 7.62 mm TT FMJS munitions were statistically interpreted. Figure 3 presents graphs of H dp = f (V m ), on the basis of which the deformation of the base H dp of the UH-MWPE-fibre reinforced polymer matrix composites was determined for a selected reference speed of 7.62 mm TT FMJS projectile equal to V m = 550 m/s.
The ballistic tests showed that the pressing temperature significantly affects the ballistic resistance of the UHMWPEfibre reinforced polymer matrix composites, expressed by the deformation of the base H dp , which is presented in Figures 
The highest values of deformation of the base were noted in the case of UHMWPE-fibre reinforced polymer matrix composites of HB 26/100 and HB 26/145, amounting to H dp = 26.2 mm and H dp = 26.1 mm, respectively. In the case of sample HB 26/100, the deformation of the base likely resulted from the fact that in this case the pressing temperature is significantly lower than the recommended temperature [12, 24] , limiting chemical reactions (poly-addition) in the Dyneema®HB26 binder, and thereby reducing the bonding quality of the Dyneema®HB26 plies.
It can be assumed that this is the main reason for the weakening of ballistic properties of the HB 26/100 composite. However, in the case of HB 26/145, the increase in deformation of the base and the reduction in ballistic resistance likely resulted from the reactions of the degradation occurring at a pressing temperature of 145 °C, causing polymer chain breaking, branching and cross-linking. Due to the deformation of the HB 26/160 composite pressed at a temperature of 175 °C, its ballistic properties and hardness were not evaluated.
The lowest value of deformation of the base was noted for the HB 26/115 composite, amounting to H dp = 24.8 mm. This composite was pressed at a temperature of 130 °C.
Analysis of the hardness of the UHM-WPE-fibre reinforced polymer matrix composites tested determined by the Rockwell method in the M scale showed that the hardness of the samples tested increased with increasing pressing temperature (Figure 4 ).
An increase in the pressing temperature affects the growth of hardness of the composite by 10 units on average every 15˚C. The explanation of this phenomenon, as in the case of ballistic resistance, can be found in the degradation and cross-linking processes, which coexist and occur in the pressed Dyneema ® HB26 polyethylene material. Thus the changes Hardness, HRM H dp , mm Hdp Hardness Figure 4 . Dependence of H dp and hardness of the polyethylene composites and the pressing temperature of Dyneema® HB26.
for identification of the binder composition of the Dyneema ® HB26. There were absorption bands present in the ATR-FTIR spectrum of Dyneema ® HB26, corresponding to the vibrations of grouping atoms, as shown in Table 3 .
The nature of the ATR-FTIR spectrum of the Dyneema ® HB26 tested indicates the presence of groupings typical of polyethylene molecules [39] . Additionally there are intensive bands typical of polyurethanes and ether compounds within a wave range of 1072 cm -1 (n sym. C-O-C), 1015 cm -1 (n asym. C-O-C), 1700 cm -1 (n C=O), 1528 cm -1 (d NH, C=N), 1305 cm -1 (n C=N, NH), and 1245 cm -1 (n C=N, NH).
In the course of the aforementioned analysis, it can be concluded that the binder of Dyneema ® HB26 constitutes a polymer composition on the basis of polyether diols, isocyanates as well as polyurethanes. The composition of the binder identified is confirmed in the literature [40, 41] . Data on the chemical structure of the binder allowed for determination of the probable processes which occur when Dyneema ® HB26 is pressed at various temperatures.
In the ATR-FTIR spectra of polyethylene composites made of Dyneema ® HB26 pressed at various temperatures, as presented in Figure 5 , absorption bands were recorded within the range of the same wavelengths, as in the case of the non-pressed Dyneema ® HB26.
However, comparing the bands in the polyethylene composites, it can be noticed that depending on the pressing temperature of the Dyneema ® HB26 used, they differ significantly in terms of signal intensities originating from the same chemical groupings. the considerations above, structural studies were conducted to evaluate the surfaces of the UHMWPE-fibre reinforced polymer matrix composites. Attempts were made to determine the correlation between ballistic and mechanical properties and structural and surface behaviour.
ATR-FTIR analysis
The ATR-FTIR data received from the analysis of the Dyneema ® HB26 are presented as numerical data. Only some of the most characteristic signals were selected from the experimental data for two essential reasons: This study is not focused on the technical side of spectra analysis, but rather the use of the spectrum analysed in the Dyneema ® HB26 product lead to the formation of free radicals, which is primarily manifested by the degradation and decrease in the molecular mass of the polymer, as well as by its crosslinking, which is, in turn, reflected by the increase in molecular mass. It can be assumed that the ongoing cross-linking process is connected with the formation of three-dimensional networks in the surface ply, which produces features of nonfusible and insoluble gelling to the material, thereby improving the material hardness [36] .
Considering that ballistic tests and hardness analysis were conducted to confirm Considering the structure of the binder of Dyneema ® HB26, it can be assumed that polyaddition reactions, based on the reaction of isocyanate groups with hydroxy groups originating from polyether diols, occurred in the binder in the pressing process of these materials, which leads to the formation of urethane groups, according to Equation 2 (see page 118) [42] :
where, R, R'-residue of aliphatic hydrocarbon.
Therefore, in the HB 26/100 composite samples, in the case in which the pressing temperature was significantly lower than the recommended temperature [12, 24] , reactions in the Dyneema ® HB26 binder typical of polyurethanes were limited. The significant intensity of the peaks originating from polyether diols, isocyanates and polyurethanes is noticeable. In the case of the HB 26/115 composite samples, where the pressing temperature used was 130 °C, which was compliant with the recommended temperature [12, 24] , typical bands of the chemical groupings, identified as groupings entering into the composition of the binder (i.e., polyether diols, isocyanates and polyurethanes), had practically disappeared.
In the case of these samples, a significant increase in the intensity of the bands originating from groupings typical of polyethylene (at l = 2910 cm -1 , l = 2845 cm -1 , l = 1470 cm -1 , l = 1370 cm -1 , l = 927 cm -1 and l = 716 cm -1 ) was observed. However, in the HB 26/160 polyethylene composites, where the pressing temperature (T press = 175 °C was significantly higher than the recommended temperature, the significant intensity of the peaks originating from groups NH, OH (l = 3300 cm -1 ), COC (l = 1072 cm -1 , l = 1015 cm -1 ) & C=O (1735 -1600 cm -1 ) as well as the signals originating from groupings COC (l = 1100 cm -1 ) and forming ester groupings COC (COCH 3 , OCOCH 3 ) within 1355 -1385 cm -1 [40] , was noticed once again.
The increase in intensity of these signals in the case of the HB 26/160 composite is probably related to the intensive processes of thermal degradation that occur when the polyethylene material is pressed at a temperature of 175 °C. The thermal degradation of UHMWPE-fibre reinforced polymer matrix composites constitutes a radical process, as a result of which hydrogen atoms are detached from the CH 2 groupings in the main polymer chain and macro-radicals are formed. In addition to the breaking of the main polymer chain, the presence of carbonyl groups in UHMWPE-fibre reinforced polymer matrix composites favours the breakdown of chains to free radicals initiated by the temperature as a result of the detachment of oxygen atoms. In the thermally initiated degradation process, oxidation, causing the formation of acid, ketone, ester and peracid type carbonyl groupings, is also an essential element of the changes in the structure of polymer chains [40] .
The pressing process of Dyneema®HB26 performed at a higher temperature than the recommended temperature causes an increase in the reaction of degradation intensity, including breaking and crosslinking reactions, which in turn leads to structural changes in the macromolecules and properties of the materials.
Thermal analysis (DSC)
The DSC thermograms presented in Figure 6 (see page 117) were performed to determine the thermal properties of the Dyneema®HB26 and the UHMWPEfibre reinforced polymer matrix composites. The results of the DSC analysis are included in Table 4 (see page 117).
On the basis of the analysis of the DSC thermograms listed (Figure 6 ) and data included in Table 4 , the pressing temperature of Dyneema®HB26 affected the nature of physical processes in the structure of the resultant UHMWPE-fibre reinforced polymer matrix composites.
During the first heating, theendothermic peaks of DSC curves of the samples tested are assigned to the melting of the following crystalline structures [43] : n folded fins -melting point of 135 -139 °C; n diamond crystals -melting point of 149 -152 °C; n pseudo hexagonal mesophase -melting point of 153 -155 °C.
During the second heating, an endothermic peak originating from the melting of folded fins at a temperature of 135 -139 °C is noticed. However, peaks originating from the other crystalline forms present during the first heating are not noticed. Thus it can be assumed that during the second heating of the samples tested at a constant speed, unification of the crystalline structure of the Dyneema ® HB26 occurred. The DSC graphs as well as detailed analysis of the thermal effects of the samples tested showed that the diversity of the crystalline structures observed in the UHM-WPE-fibre reinforced polymer matrix composites increased with increasing 
SEM analysis
The effect of the pressing temperature of Dyneema® HB26 on changes in the surface appearance of the samples of UH-MWPE-fibre reinforced polymer matrix composite manufactured was evaluated by means of SEM spectroscopy. As for the samples of polyethylene composites tested, the number of defects in the form of overlapping surface changes increased with increasing pressing temperature. Examples of the surface morphology of samples are presented in Figure 7 .
Changes in the surface degradation effects of the samples were caused by temperature changes. n
Conclusions
The analysis of the effects of the pressing temperature of Dyneema ® HB26 on the properties of the UHMWPE-fibre reinforced polymer matrix composites fabricated intended for the manufacturing of ballistic personal armours revealed the essential vulnerability of Dyneema®HB26 to the pressing temperature.
Despite the achievement of the composite structure, the samples of UHMWPEfibre reinforced polymer matrix composite tested showed significant changes in properties depending on the pressing temperature.
The results of the tests performed contributed to the determination of the optimal pressing temperature of the initial Dyneema ® HB26 for the ballistic behaviour of the UHMWPE-fibre reinforced polymer matrix composites fabricated. This temperature was determined by using a press sensor (T press ) and thermocouples located between the Dyneema®HB26 sheets during the pressing process (T packet ).
The optimal pressing temperatures of the Dyneema ® HB26 were T press = 130 °C and T packet = 115 °C. A pressing temperature of the Dyneema ® HB26 material exceeding T press = 130 °C had a negative impact on the properties of the polyethylene composites, which became worse with increasing temperature. The increased pressing temperature can be treated as additional, long-lasting thermal processing that adversely affects the properties of UHMWPE-fibre reinforced polymer matrix composites. It can lead to degradation processes occurring in the composite structure, causing damage and deterioration of its ballistic properties.
The accelerated degradation of the materials discussed, caused by increased temperature is indicated by the reduced ballistic resistance and surface defects of the samples, which intensify as the temperature increases, reducing the degree of polymer crystallinity. The tests also demonstrated the adverse effect on the properties of UHMWPE-fibre reinforced polymer matrix composites in the case of a pressing temperature of Dyneema ® HB26 equal to T press = 115 °C and T packet = 100 °C. In this case, the major cause of degradation of the properties of UHMWPE-fibre reinforced polymer matrix composites is probably the limited dynamics of chemical reactions occurring in the Dyneema ® HB26 binder, resulting from the low pressing temperature, which decreases the bonding quality of the particular Dyneema ® HB26 plies, thus adversely affecting the properties of the product.
Moreover the oxidation of the polyethylene chain may affect a more dynamic reduction in the performance of the ballistic protectors during usage. Thus, it is most important to optimise the process of UHMWPE-fibre reinforced polymer matrix composite fabrication taking into the account not only the direct performance but also potential changes during t standard use resulting from structural and/or chemical alteration initiated by the fabrication process.
